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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
The aim of this work is to analyse the strain fields heterogeneity in a Die Casting A319 aluminium alloy during tensile loading. 
The microstructure characterization of the studied alloy was performed in 2D and 3D, the microstructure consists of hard 
inclusions (i.e. eutectic Si and Al2Cu phases) and micropores. In order to study the role of the different hard particles on the 
propagation of cracks, an experimental protocol was set up and surface damage observations are performed in real-time with an 
in situ microscopic device during tensile test which allows following the development and localization of the deformation and 
cracks. The results showed the role of eutectic Si and Al2Cu phases in the crack propagation by DIC measurement and 
fractography. Cracks often propagate through the fracture of Al2Cu, as well as through fragmented Si particles rather than by 
their decohesion from the matrix. 
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1. Introduction 
Aluminum-silicon (Al-Si) alloys, which are characterized by their excellent castability, high thermal conductivity 
and low thermal expansion coefficient, are often used for the production of automotive parts such as cylinder heads 
(Kaufman and Rooy, 2004). However, as the alloy properties are highly influenced by the microstructure, such as 
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pores (Mayer et al., 2003), eutectic Si particles (Zeng et al., 2014) and intermetallics (Ji et al., 2013), understanding 
the influence of microstructure on the damage mechanisms is a key issue in many industries. 
Some studies (Buffière et al., 2001, Gall et al., 2001) show that the effect of pores on the properties of alloys 
mainly depends on the size, quantity and shape of porosity. Dietrich et al. (Dietrich and Radziejewska, 2011) found 
that dispersed small pores, with an average diameter of less than 10 μm, did not influence the fatigue behavior. 
Wang et al. (Wang et al., 2001) reported that there exists a critical pore size for fatigue crack initiation, below which 
the fatigue crack initiates from other intrinsic initiators such as eutectic particles. Indeed, Si particles are often found 
to have an influence on cracks initiation and propagation as a result of high local stress-concentrations (Zeng et al., 
2014). In addition, the Al2Cu or other Cu-intermetallics such as Al5Mg8Cu2Si6 were also usually observed like Si 
particles to be fragmented during the cracks propagation (Ma et al., 2014). 
In the Die Casting AlSi7Cu3 alloy, only a very fine porosity is observed due to the high cooling rate (i.e. 30°C/s) 
(Albonetti, 2001). Although the intermetallics and Si particles can be proved as preferential crack initiation sites, the 
role of the different hard particles (i.e. eutectic Si and Al2Cu phases) on the propagation of cracks remains unclear 
and further research is required to determine it. 
Digital Image Correlation (DIC) has been used for full-field displacement and strain measurements in fracture 
mechanics (Sutton et al., 2000) where it allows monitoring in real-time the strain evolution of sample surface. This 
technique consists in measuring displacement fields between image pairs of the same specimen at different stages of 
loading. The displacement field is obtained, using the so-called brightness conservation, so that the image of the 
loaded sample is matched to the reference image when pixel locations are corrected for by the measured 
displacement field (Limodin et al., 2014). 
In this paper, In order to study the influence of the microstructure upon the damage mechanisms, an experimental 
protocol has been successfully developed to study the evolution of damage during crack initiation and growth during 
in-situ tensile tests using DIC. 
 
2. Experimental procedures 
2.1. Material and preparation of specimens 
The alloy used in this investigation was the Die Casting AlSi7Cu3 alloy, which was obtained from PSA, its 
chemical composition is shown in Table 1. 
 
         Table 1.  Chemical composition of the AlSi7Cu3 alloy (wt. %).  
Al Si Cu Fe Mn Sr Mg Ti Pb Ni Zn 
bal. 6.91 2.89 0.10 0.007 0.0047 0.29 0.11 0.003 0.002 0.022 
 
The specimens used for microstructure characterization as well as the tensile samples for mechanical testing were 
cut out from round bars. They had a cylinder shape with a 20 mm diameter and 200 mm length. The 2D 
microstructures were examined in the unetched condition using a Nikon YM-EPI light microscope equipped with a 
Sony color video camera, and the 3D characterization of pores characteristics was performed with X-ray laboratory 
Computed Tomography (Lab-CT). The images were processed and analyzed using ImageJ/Fiji and Avizo Fire 
softwares. The fracture surface after tensile test was examined with a JEOL 7800 F LV SEM, coupled with energy-
dispersive X-ray spectroscopy (EDX). 
As show in Figure 1, a shallow hole in the center of specimen was introduced to have a stress concentration in the 
chosen ROI that could force the final fracture to occur here.  
A conventional grinding and polishing process was performed on the specimen surface. In order to obtain field 
measurement at small scales, i.e. at intermetallics or at eutectic Si, an appropriate colour etching was performed on 
polished flat specimen’s surface to provide a natural pattern suitable for image correlation;  the composition of the 
etchant used is 100ml distilled water, 4g potassium permanganate and 1g sodium hydroxide. The etching time is 15 
seconds (Zwieg, 2003). Compared to the conventional random paint speckle pattern that is usually applied on the 
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specimen surface for use with DIC image analysis, this method will not mask the microstructure underneath (i.e. 
hard inclusions) and thus we can study the relationship between microstructural features and strain heterogeneities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Schematic drawing of a tensile specimen including dimensions, and (b) photograph of sample showing the hole in the center of 
specimen and the region of interest (ROI) for the DIC analysis. All dimensions are in mm. 
 
2.2. Tensile testing 
A tensile test was performed at a displacement rate of 16μm/s using a servo-hydraulic testing machine. During 
the tensile test, the applied load was recorded by an extensometer, which was installed across the center area of the 
specimen (see Fig. 1. a), to measure the macroscopic deformation. The experimental set-up is illustrated in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Experimental set-up with Questar microscope. 
 
In order to record the deformation during the tensile tests, the test was interrupted at different load step with the 
specimen held under load and images were taken using a JAI 500 CCD camera with a resolution of 2048×2048 
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pores (Mayer et al., 2003), eutectic Si particles (Zeng et al., 2014) and intermetallics (Ji et al., 2013), understanding 
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Some studies (Buffière et al., 2001, Gall et al., 2001) show that the effect of pores on the properties of alloys 
mainly depends on the size, quantity and shape of porosity. Dietrich et al. (Dietrich and Radziejewska, 2011) found 
that dispersed small pores, with an average diameter of less than 10 μm, did not influence the fatigue behavior. 
Wang et al. (Wang et al., 2001) reported that there exists a critical pore size for fatigue crack initiation, below which 
the fatigue crack initiates from other intrinsic initiators such as eutectic particles. Indeed, Si particles are often found 
to have an influence on cracks initiation and propagation as a result of high local stress-concentrations (Zeng et al., 
2014). In addition, the Al2Cu or other Cu-intermetallics such as Al5Mg8Cu2Si6 were also usually observed like Si 
particles to be fragmented during the cracks propagation (Ma et al., 2014). 
In the Die Casting AlSi7Cu3 alloy, only a very fine porosity is observed due to the high cooling rate (i.e. 30°C/s) 
(Albonetti, 2001). Although the intermetallics and Si particles can be proved as preferential crack initiation sites, the 
role of the different hard particles (i.e. eutectic Si and Al2Cu phases) on the propagation of cracks remains unclear 
and further research is required to determine it. 
Digital Image Correlation (DIC) has been used for full-field displacement and strain measurements in fracture 
mechanics (Sutton et al., 2000) where it allows monitoring in real-time the strain evolution of sample surface. This 
technique consists in measuring displacement fields between image pairs of the same specimen at different stages of 
loading. The displacement field is obtained, using the so-called brightness conservation, so that the image of the 
loaded sample is matched to the reference image when pixel locations are corrected for by the measured 
displacement field (Limodin et al., 2014). 
In this paper, In order to study the influence of the microstructure upon the damage mechanisms, an experimental 
protocol has been successfully developed to study the evolution of damage during crack initiation and growth during 
in-situ tensile tests using DIC. 
 
2. Experimental procedures 
2.1. Material and preparation of specimens 
The alloy used in this investigation was the Die Casting AlSi7Cu3 alloy, which was obtained from PSA, its 
chemical composition is shown in Table 1. 
 
         Table 1.  Chemical composition of the AlSi7Cu3 alloy (wt. %).  
Al Si Cu Fe Mn Sr Mg Ti Pb Ni Zn 
bal. 6.91 2.89 0.10 0.007 0.0047 0.29 0.11 0.003 0.002 0.022 
 
The specimens used for microstructure characterization as well as the tensile samples for mechanical testing were 
cut out from round bars. They had a cylinder shape with a 20 mm diameter and 200 mm length. The 2D 
microstructures were examined in the unetched condition using a Nikon YM-EPI light microscope equipped with a 
Sony color video camera, and the 3D characterization of pores characteristics was performed with X-ray laboratory 
Computed Tomography (Lab-CT). The images were processed and analyzed using ImageJ/Fiji and Avizo Fire 
softwares. The fracture surface after tensile test was examined with a JEOL 7800 F LV SEM, coupled with energy-
dispersive X-ray spectroscopy (EDX). 
As show in Figure 1, a shallow hole in the center of specimen was introduced to have a stress concentration in the 
chosen ROI that could force the final fracture to occur here.  
A conventional grinding and polishing process was performed on the specimen surface. In order to obtain field 
measurement at small scales, i.e. at intermetallics or at eutectic Si, an appropriate colour etching was performed on 
polished flat specimen’s surface to provide a natural pattern suitable for image correlation;  the composition of the 
etchant used is 100ml distilled water, 4g potassium permanganate and 1g sodium hydroxide. The etching time is 15 
seconds (Zwieg, 2003). Compared to the conventional random paint speckle pattern that is usually applied on the 
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specimen surface for use with DIC image analysis, this method will not mask the microstructure underneath (i.e. 
hard inclusions) and thus we can study the relationship between microstructural features and strain heterogeneities. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Schematic drawing of a tensile specimen including dimensions, and (b) photograph of sample showing the hole in the center of 
specimen and the region of interest (ROI) for the DIC analysis. All dimensions are in mm. 
 
2.2. Tensile testing 
A tensile test was performed at a displacement rate of 16μm/s using a servo-hydraulic testing machine. During 
the tensile test, the applied load was recorded by an extensometer, which was installed across the center area of the 
specimen (see Fig. 1. a), to measure the macroscopic deformation. The experimental set-up is illustrated in Fig. 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.  Experimental set-up with Questar microscope. 
 
In order to record the deformation during the tensile tests, the test was interrupted at different load step with the 
specimen held under load and images were taken using a JAI 500 CCD camera with a resolution of 2048×2048 
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pixels and fitted with a Questar long distance microscope. The camera was mounted on a translation stage 
perpendicular to the tensile test set-up. Digital pictures were taken in several adjacent zones of the ROI with a pixel 
size of about 0.22 μm in order to cover the area of interest.  
2.3. Digital Image Correlation 
Displacement and strain field measurements were performed with a DIC technique using YaDICs software 
developed at LML laboratory (Lille, France) (Seghir et al.). The element size was chosen as 16 × 16 pixels, whilst 
the measured field was approximately 0.5 mm × 0.5mm, giving a spatial resolution of 3.52 μm/pixel.   
In the present work, the uncertainty of the measured displacement field was calculated to assess the feasibility of 
DIC. Uncertainty of DIC is estimated from the standard deviation of the displacement field measured between two 
images, i.e. one at a reference position and another one after a small translation (Limodin et al., 2014). Here the 
specimen was placed on a translation stage, and after acquisition of a reference image, the specimen was shifted by 
approximately 10 μm in a direction perpendicular to the optical axis of the Questar microscope. 
3. Results and discussion 
3.1. Microstructure analysis 
Typical microstructure of A319 alloy is presented in Fig. 3a: Al-matrix, Al2Cu phases, and eutectic Si-particles 
are the major features. The microstructure inherited from casting at a high cooling rate is fine with an average 
Secondary Dendrite Arm Spacing (SDAS) of about 20µm. Quantitative analysis shows that the surface fraction of 
Al2Cu phase and eutectic Si are 1.2% and 7%, respectively. In addition, most of eutectic Si particles, which have a 
size between 1 and 12 µm, are well distributed in the alloy. Fig. 3b shows a 3D rendering of the pores inside the 
specimen gauge length as observed with X-ray tomography at a voxel size of 2 µm. The pore volume fraction is 
about 0.034% and the average size (Feret diameter) of pores is about 30µm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. (a) Optical microstructure and (b) 3D rendering of pores for the studied alloy  
3.2. DIC analysis 
Fig. 4 shows the metallographic image of studied alloy before and after color etching, and the corresponding 
gray-level distributions in the same area of the specimen surface. Before etching, the histogram shows one tall peak 
for the Aluminium matrix and other very small peaks (see arrows in Fig.4) for pores, eutectic Si particles and 
intermetallics. After etching, the image dynamic shows a wider range of gray-levels within the Aluminium matrix 
where etching has revealed segregation and precipitates (Petzow, 1999). Compared to the image before etching, the 
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large standard deviation of the gray-level distribution of the specimen surface shows a richer speckle pattern which 
is expected to be sufficient to use DIC technique on the microstructural scale. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Optical microscopy images of the specimen surface before and after etching 
 
As shown in Fig. 5, the uncertainty ranges from 0.036 to 0.003 μm (0.13 to 0.01 pixels) for sizes of element 
between 4.32 to 34.56 μm (16 to 128 pixels). The surface texture obtained by etching is proved sufficient to use the 
DIC technique on the microstructural scale with a good image correlation quality (Limodin et al., 2014). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Uncertainty of the measured displacement field 
 
Strain fields and displacement fields obtained by DIC for the specimen at different loading step are illustrated in 
Fig. 6. The OM image of ROI area has been registered to the reference Questar image and superposed to the strain 
and displacement fields to allow for comparison of the strain localization and microstructure. A good correlation can 
be observed between strain localization and displacement discontinuity in the measured fields. Indeed, although the 
crack is not visible at the low strain level, i.e. at 0.56%, a faint discontinuity at the crack location is already visible 
in the displacement field along the loading direction and this discontinuity intensifies as the load increases. 
When the global strain was 0.88%, some strain localization is noticed at hard inclusions and pore, which 
correspond to the displacement discontinuities in Fig. 6d. The main crack is visible at the strain of 1.06%, and 
corresponds to a large local strain deformation (Fig. 6e), i.e. crack opening, then it was observed to grow quickly 
with a further increase of loading.   
The results show that the hard inclusions (eutectic Si particles, Al2Cu phase) close to the high local stress 
concentrations region (i.e. notch or large shrinkage porosity) are often the preferential cracks initiation sites. In 
addition, the porosity can promote crack initiation as a result of high local stress concentrations during tensile test. 
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Strain fields and displacement fields obtained by DIC for the specimen at different loading step are illustrated in 
Fig. 6. The OM image of ROI area has been registered to the reference Questar image and superposed to the strain 
and displacement fields to allow for comparison of the strain localization and microstructure. A good correlation can 
be observed between strain localization and displacement discontinuity in the measured fields. Indeed, although the 
crack is not visible at the low strain level, i.e. at 0.56%, a faint discontinuity at the crack location is already visible 
in the displacement field along the loading direction and this discontinuity intensifies as the load increases. 
When the global strain was 0.88%, some strain localization is noticed at hard inclusions and pore, which 
correspond to the displacement discontinuities in Fig. 6d. The main crack is visible at the strain of 1.06%, and 
corresponds to a large local strain deformation (Fig. 6e), i.e. crack opening, then it was observed to grow quickly 
with a further increase of loading.   
The results show that the hard inclusions (eutectic Si particles, Al2Cu phase) close to the high local stress 
concentrations region (i.e. notch or large shrinkage porosity) are often the preferential cracks initiation sites. In 
addition, the porosity can promote crack initiation as a result of high local stress concentrations during tensile test. 
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Fig. 6. (a, c, e) Strain field and (b, d, f) displacement field (in pixels, 1pixel=0.22µm) in the Region Of Interest along the loading direction at 
global strain (a, d) Ɛ=0.56%, (b, e) Ɛ=0.88% and (e, f) Ɛ=1.06%. Loading was along the vertical direction and OM images of the microstructure in 
the unloaded state is superimposed. 
3.3. Fracture surface examination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  SEM image of the studied alloy after tension test as observed on polished cross section (a) overall view, (b) magnified view as enclosed 
by red box in (a), and (c) the corresponding strain field (Ɛ=1.06%) computed from DIC. 
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After specimen failure, the specimen’s surface was observed with Scanning Electron Microscope (SEM). As seen 
in Fig. 7a, micro-cracking occurred mainly in the Al2Cu phase (pointed out by yellow arrows) which is distributed 
along the crack path. This result proves the role of Al2Cu phase on the crack propagation during loading and that the 
final fracture is prone to occur along the Al2Cu phase. 
As seen in Fig. 7b and Fig. 7c, the correlation between strain localizations and the final fracture and microcracks 
at Al2Cu phase revealed by SEM was also well observed. It proves that the zones with large deformation are 
correlated to final fracture or microcracks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) SEM image of fracture surface of the sample, and corresponding EDS mapping analysis on (b) Cu and (c) Si 
 
Fig. 8a shows a general view of the fracture surface of studied alloy, revealing the progress of the crack through 
the matrix in which Al2Cu phase and Si particles can be observed. The X-ray elemental mapping of the fracture 
surface shown in Fig. 8b and c, reveals the presence of Cu content, corresponding to Al2Cu phase, at a high content 
(i.e. 8% - 10%) as compared to the 2D examination result (i.e. 1.2%). Fig. 8c also exhibits Si content (i.e. 12% - 
16%), that corresponds to eutectic Si particles, which is higher than Si content on a 2D examination. This result 
shows that crack growth in the studied A319 alloy occurs preferentially through Al2Cu phase and Si particles. 
It is reported that the cracking of Si particles in samples with small SDAS occurs preferentially at grain 
boundaries (Li et al., 2004). The comparison of the two sides of the fracture surface by SEM-EDS was performed to 
study their failure mode. The fracture surface shows that hard inclusions (eutectic Si and Al2Cu phase) 
predominantly fail by cleavage rather than debonding. 
4. Conclusions 
The efficiency of the experimental protocol using in-situ tensile test with DIC to study the influence of the 
microstructure upon the mechanical properties of an Al-Si alloy has been proved. The field measurements allowed 
identifying and tracking the development and localization of deformation, and allowed identifying the initiation sites 
of microcracks during the tensile test in relation with the observed microstructure. Micro-cracks are detected in the 
Al2Cu phase which is close to the crack path in the SEM images. The fractography analysis highlighted the role of 
hard inclusions on crack propagation, and revealed that crack propagation under monotonic load occurs through the 
eutectic Si, Al2Cu phases and primary phases, exhibiting some cleavage-like features of the Al2Cu phases and 
eutectic Si particles.  
The amount, size and morphology of hard inclusions (i.e. eutectic Si, iron-intermetallics and Al2Cu phases) in 
alloys are influenced by several alloying elements and casting process parameters (Seifeddine and Svensson, 2013), 
In order to understand the damage mechanisms associated to the different hard inclusions characteristics, ongoing 
studies examine the role of the different hard particles (i.e. eutectic Si, iron-intermetallics and Al2Cu phases) on the 
propagation of cracks with the same methods as presented in this paper. 
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Fig. 6. (a, c, e) Strain field and (b, d, f) displacement field (in pixels, 1pixel=0.22µm) in the Region Of Interest along the loading direction at 
global strain (a, d) Ɛ=0.56%, (b, e) Ɛ=0.88% and (e, f) Ɛ=1.06%. Loading was along the vertical direction and OM images of the microstructure in 
the unloaded state is superimposed. 
3.3. Fracture surface examination 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.  SEM image of the studied alloy after tension test as observed on polished cross section (a) overall view, (b) magnified view as enclosed 
by red box in (a), and (c) the corresponding strain field (Ɛ=1.06%) computed from DIC. 
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After specimen failure, the specimen’s surface was observed with Scanning Electron Microscope (SEM). As seen 
in Fig. 7a, micro-cracking occurred mainly in the Al2Cu phase (pointed out by yellow arrows) which is distributed 
along the crack path. This result proves the role of Al2Cu phase on the crack propagation during loading and that the 
final fracture is prone to occur along the Al2Cu phase. 
As seen in Fig. 7b and Fig. 7c, the correlation between strain localizations and the final fracture and microcracks 
at Al2Cu phase revealed by SEM was also well observed. It proves that the zones with large deformation are 
correlated to final fracture or microcracks. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. (a) SEM image of fracture surface of the sample, and corresponding EDS mapping analysis on (b) Cu and (c) Si 
 
Fig. 8a shows a general view of the fracture surface of studied alloy, revealing the progress of the crack through 
the matrix in which Al2Cu phase and Si particles can be observed. The X-ray elemental mapping of the fracture 
surface shown in Fig. 8b and c, reveals the presence of Cu content, corresponding to Al2Cu phase, at a high content 
(i.e. 8% - 10%) as compared to the 2D examination result (i.e. 1.2%). Fig. 8c also exhibits Si content (i.e. 12% - 
16%), that corresponds to eutectic Si particles, which is higher than Si content on a 2D examination. This result 
shows that crack growth in the studied A319 alloy occurs preferentially through Al2Cu phase and Si particles. 
It is reported that the cracking of Si particles in samples with small SDAS occurs preferentially at grain 
boundaries (Li et al., 2004). The comparison of the two sides of the fracture surface by SEM-EDS was performed to 
study their failure mode. The fracture surface shows that hard inclusions (eutectic Si and Al2Cu phase) 
predominantly fail by cleavage rather than debonding. 
4. Conclusions 
The efficiency of the experimental protocol using in-situ tensile test with DIC to study the influence of the 
microstructure upon the mechanical properties of an Al-Si alloy has been proved. The field measurements allowed 
identifying and tracking the development and localization of deformation, and allowed identifying the initiation sites 
of microcracks during the tensile test in relation with the observed microstructure. Micro-cracks are detected in the 
Al2Cu phase which is close to the crack path in the SEM images. The fractography analysis highlighted the role of 
hard inclusions on crack propagation, and revealed that crack propagation under monotonic load occurs through the 
eutectic Si, Al2Cu phases and primary phases, exhibiting some cleavage-like features of the Al2Cu phases and 
eutectic Si particles.  
The amount, size and morphology of hard inclusions (i.e. eutectic Si, iron-intermetallics and Al2Cu phases) in 
alloys are influenced by several alloying elements and casting process parameters (Seifeddine and Svensson, 2013), 
In order to understand the damage mechanisms associated to the different hard inclusions characteristics, ongoing 
studies examine the role of the different hard particles (i.e. eutectic Si, iron-intermetallics and Al2Cu phases) on the 
propagation of cracks with the same methods as presented in this paper. 
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